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Cortical/cerebral visual impairment (CVI) is clinically defined as significant visual
dysfunction caused by injury to visual pathways and structures occurring during early
perinatal development. Depending on the location and extent of damage, children with
CVI often present with a myriad of visual deficits including decreased visual acuity
and impaired visual field function. Most striking, however, are impairments in visual
processing and attention which have a significant impact on learning, development, and
independence. Within the educational arena, current evidence suggests that strategies
designed for individuals with ocular visual impairment are not effective in the case of
CVI. We propose that this variance may be related to differences in compensatory
neuroplasticity related to the type of visual impairment, as well as underlying alterations
in brain structural connectivity. We discuss the etiology and nature of visual impairments
related to CVI, and how advanced neuroimaging techniques (i.e., diffusion-based
imaging) may help uncover differences between ocular and cerebral causes of visual
dysfunction. Revealing these differences may help in developing future strategies for the
education and rehabilitation of individuals living with visual impairment.
Keywords: cortical, cerebral, visual impairment, ocular blindness, connectivity
INTRODUCTION
The Nature of Visual Impairment and the Case of CVI
Humans are highly dependent on their sense of vision in order to interact with the surrounding
world. Not surprisingly, the loss of visual function associated with blindness and visual impairment
has a dramatic impact on an individual’s quality of life and independence (Dagnelie, 2013).
Vision is a complex sensory function that requires the hierarchical participation of receptors
(the photoreceptors of the eye), transmission (the optic nerves and optic radiations), and
processing (the visual cortex) structures to transform captured visual information into meaningful
percepts. Damage anywhere along the visual pathway typically results in some degree of visual
impairment with characteristic clinical and functional manifestations. Traditionally, much of
our understanding of visual impairment has been focused on the consequences of diseases and
conditions affecting the eye and optic nerve (e.g., cataracts, macular degeneration, and glaucoma).
Damage to these structures early, or later in life, can lead to ocular-related blindness or visual
impairment (WHO definition of blindness: visual acuity of 20/200 or worse in the better seeing
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eye with corrective lenses, or visual field restriction to 20
degrees diameter or less in the better eye. WHO definition of
visual impairment: visual acuity of 20/60 or worse in the better
seeing eye1). In the case of ocular blindness, the rest of the
downstream processing structures within the brain appear to
remain largely intact despite the loss of visual sensory input early
in development. It is important to realize that blindness and
visual impairment may also result from acquired damage (e.g.,
stroke or trauma) occurring at the level of transmission and/or
processing structures lying outside of the eye itself. This includes
at the level of the geniculate, optic radiations, and primary and
associative areas of the visual cortex. Damage to these structures
is generally referred to as neurological visual impairment (Good,
2007) and is associated with perceptual deficits that are typically
more complex than those resulting from damage to the eye
(Dutton, 2003; Hoyt, 2003).
In contrast to these two scenarios, there has been a more
recent and dramatic rise in the incidence of children born
with profound visual impairment not fitting with the typical
profile of ocular blindness or visual impairment related to
acquired brain injury. In this situation, the term cortical/cerebral
visual impairment (CVI) was coined to describe damage to
visual pathways and structures occurring during early perinatal
development (Hoyt, 2003; Good, 2007, 2009). The term “cortical”
visual impairment was originally proposed by Whiting et al.
(1985) to describe visual dysfunction in pediatric populations of
non-ocular cause, and its presumed association with damage to
early visual cortical areas. However, as further characterization
of this condition progressed, it became evident that CVI was
often associated with damage to sites beyond early visual cortex
including subcortical structures, white matter pathways, as well
as higher-order associative processing areas of the cortex. Thus,
the word “cortical” has been viewed as somewhat of a misnomer,
and there has been the suggestion that the term “cerebral” would
be a more encompassing and appropriate term (Good et al.,
1994; Colenbrander, 2010). While the naming convention of
CVI (i.e., cortical or cerebral) remains the subject of debate
within the education and medical communities, it is important
to acknowledge that employing accurate descriptive terms to
characterize and localize the site of brain-based injury remains
important issue. Two aspects merit consideration in this regard.
First, it should be considered that brain injury in CVI may
also affect areas beyond those ascribed to visual processing.
Indeed, children with CVI often present with other neurological
disorders such as cerebral palsy, seizures, or cognitive and
developmental delays related to the location of brain damage
(Huo et al., 1999; Philip and Dutton, 2014). With this taken
into account, it is important to note that the terms cortical
and cerebral fail to capture the possibility of more global
neurological injury (Good, 2007). Second, injury to the visual
system can result in a myriad of visual deficits. While these
deficits can occur in isolation or in combination, the current
anatomical definition is not sensitive to discriminate between
CVI patients based on their apparent perceptual and cognitive
dysfunctions. With these limitations in mind, the use of CVI
1http://www.who.int/mediacentre/factsheets/fs282/en/
as an umbrella term has emerged, encompassing both clinical
and functional characteristics, stating that CVI is defined as
a significant deficit in visual function associated with damage
to retrochiasmatic visual pathways and cerebral structures in
the absence of major ocular disease (or more accurately, the
presence of visual deficits that cannot be explained by ocular
abnormalities alone) (Dutton, 2003). Within the visual domain,
these deficits include decreased visual acuity (ranging from mild
to moderate impairment/low vision to profound blindness) as
well as visual field impairments (typically in the lower hemi-
field) (Good et al., 2001; Kozeis, 2010). Most notably, however,
are observed difficulties in higher-order visuospatial processing
leading to substantial functional limitations that profoundly
impact a child’s learning, mobility, development, independence,
and ultimately their quality of life (Fazzi et al., 2004; Boot et al.,
2010). This broad spectrum of visual deficits makes the diagnosis
of CVI not only more difficult to characterize and quantify, but
also raises challenges in terms of developing appropriate and
individualized rehabilitative strategies (McKillop and Dutton,
2008; Good, 2009).
There is now, more than ever, a greater need for improved
accuracy in diagnosing, assessing, and developing effective
education and rehabilitation programs for individuals with CVI.
Furthermore, given that visual deficits in CVI are very diverse,
their impact upon education and rehabilitative strategies remain
much less well understood than in the case of ocular impairment
(Baker-Nobles and Rutherford, 1995). This distinction is of
utmost importance when considering that educational strategies
designed to increase independence and functionality in children
with ocular visual impairments are largely ineffective, and
perhaps even detrimental, when applied to children with CVI
(Groenveld et al., 1990; Farrenkopf et al., 1997). Neuroscience
(particularly with regards to advanced neuroimaging techniques)
may enable researchers to shed light on to these issues.
In particular, it is crucial to uncover the neurophysiological
differences between children with CVI and other forms of visual
impairment and understand the association between potential
risk factors and observed visual deficits. At the same time,
this also represents a unique opportunity to rethink traditional
interpretations related to what it means to be “visually impaired”
(Swift et al., 2008) likewise, explore the developmental potential
of the brain.
Epidemiology and Etiology of CVI
From a public health perspective, CVI represents a pressing issue
as it is now the leading cause of congenital visual impairment
in children in developed countries including the United States
(Good et al., 1994; Huo et al., 1999; Hoyt, 2007; Kong et al., 2012;
Philip and Dutton, 2014). In the United Kingdom, CVI is the
predominant disorder affecting up to 40–48% of the impaired
children younger than 15 years old (Rahi et al., 2003; Rahi, 2007).
It is worth noting that while visual impairment worldwide has
decreased since early estimates in the 1990s, current evidence
suggests that the incidence of CVI is continuing to rise in
developed countries. This is due in large part to advancements in
the delivery of neonatal intensive care resulting in greater infant
survival from neurological damage and complications occurring
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during pregnancy and perinatal period (Good, 2001; Kozeis,
2010).
Individuals with CVI will also usually present with other
coexisting disabilities and neurological disorders. In addition,
secondary etiologies associated with CVI are also often present
and include seizure, metabolic diseases, and underlying genetic
syndromes. These same conditions can also further exacerbate
complications and developmental delays accompanying CVI
(Flodmark et al., 1990; Good et al., 1994). This makes assessment
and evaluation difficult in the setting of concomitant cognitive
(including attention), motor (such as cerebral palsy), and
language deficits (Good et al., 1994). Finally, it is also crucial to
realize that many individuals with CVI (when properly evaluated)
are not truly blind per se based on their visual acuity alone,
though they may ultimately function as a blind individual given
inherent difficulties in the processing and interpretation of visual
information (Swift et al., 2008).
In characterizing CVI, it is useful to distinguish between
children born at term versus those born premature (WHO
definition of prematurity is born alive before 37 weeks of
pregnancy. Sub-categories of preterm birth based on gestational
age include extremely preterm (<28 weeks) and very preterm
(28 to <32 weeks)2. In infants born term, the most common
cause of CVI is perinatal hypoxia-ischemia encephalopathy (HIE)
(Huo et al., 1999; Fazzi et al., 2007; Khetpal and Donahue, 2007).
The sequelae of HIE are dependent not only on the severity and
duration of the hypoxic event, but also the gestational age (Hoyt,
2003). Specifically, regional differences in vascular perfusion (e.g.,
“watershed” zones; Baburamani et al., 2012) and the higher
metabolic demand of the near term fetus (Bennet et al., 1999) alter
the susceptibility of different brain locations to hypoxic-ischemic
damage as the baby matures (Van den Broeck et al., 2008).
In HIE, the areas that are most commonly damaged include
deep gray matter, hippocampus, brainstem, and thalamic regions
(Swarte et al., 2009). In contrast, premature infants will often
present with periventricular leukomalacia (PVL) as the most
common form of brain injury (Van den Broeck et al., 2008). This
is associated with hemorrhagic necrosis in the periventricular
white matter just dorsal and lateral to the external angle of
the lateral ventricles (Volpe, 1998). The main factors commonly
associated with PVL are an underdeveloped vasculature of the
surrounding white matter, as well as impairment of the regulation
of cerebral blood flow; both of which can predispose white
matter to ischemic injury. Crucially, as the tracts of the optical
radiations and of higher order visual functions travel within
the periventricular white matter, PVL is often associated with
impaired visual processing (Good, 2001; Dutton, 2003; Hoyt,
2007).
In both preterm and term infants, a common consequence is
cell death (i.e., necrosis) of myelinated and pre-myelinated fibers
obstructing the normal development of white matter pathways
that communicate between sensory and motor areas of the brain.
As a result, children with CVI will often exhibit motor and
cognitive impairments associated with cerebral palsy (Lim et al.,
2005).
2http://www.who.int/mediacentre/factsheets/fs363/en/
While perinatal hypoxia remains the most common cause of
CVI, other possibilities include traumatic brain injury (TBI; 10%
of the cases in one reported study; (Khetpal and Donahue, 2007)
as well as infectious etiologies (e.g., meningitis and encephalitis)
leading to inflammatory-mediated white matter injury (Huo
et al., 1999). Finally, seizure disorder is also a significant cause
of CVI (estimated at 10% of cases) and also represents the most
common associated neurological abnormality [reported in nearly
50% of CVI cases (Huo et al., 1999)].
Compensatory Behaviors and
Crossmodal Plasticity in the Setting of
Visual Impairment
It is clear that in a world which heavily relies on sight, blind
individuals have to make striking adjustments in order to remain
functionally independent. Accumulating evidence suggests that
individuals with ocular blindness (particularly, when blind from
birth or very early in life) demonstrate comparable, and in
some cases even superior, behavioral skills in the tactile and
auditory domains as compared to their sighted counterparts
(e.g., Lessard et al., 1998; Van Boven et al., 2000; Amedi
et al., 2003; Gougoux et al., 2004; Wong et al., 2011; for
review, see Merabet and Pascual-Leone, 2010). This has led to
the suggestion that compensatory behaviors may be intimately
related to underlying changes in the overall structural and
functional organization of the brain resulting from profound
vision loss (Voss et al., 2014). Interestingly, it has been shown
that this reorganization implicates areas of the brain responsible
for the processing of intact senses such as touch, hearing,
and smell (e.g., Sterr et al., 1998; Hamilton et al., 2004;
Rombaux et al., 2010) as well as the crossmodal reorganization
of areas of the brain normally associated with the processing of
visual information. Regarding the latter, numerous neuroimaging
studies (predominately functional magnetic resonance imaging,
or fMRI) have demonstrated that blind individuals show robust
activation within occipital cortical areas while performing a
variety of non-visual tasks [e.g., Braille reading (Sadato et al.,
1996), sound localization (Gougoux et al., 2005; Voss et al., 2008;
Collignon et al., 2011), and odor perception (Kupers and Ptito,
2014), as well as higher order cognitive tasks including language
processing (Burton et al., 2002; Bedny et al., 2011; Striem-Amit
et al., 2012) and verbal memory recall (Amedi et al., 2003; Raz
et al., 2005). In summary, there appears to be mounting evidence
supporting the view that the brain undergoes dramatic structural
and functional changes in response to ocular blindness.
While the vast majority of scientific research investigating
structural and functional brain changes resulting from profound
visual deprivation has been carried out within the context of
ocular causes of blindness, comparatively little research has been
conducted investigating the developmental repercussions and
neuroplastic compensatory mechanisms in CVI. As mentioned
earlier, this is despite the high prevalence of this condition
and its potential detrimental consequences on visual function
and development. Indeed, often in the absence of ocular
signs or pathology (combined with a lack of awareness
of this condition by health care providers) many children
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with CVI are misdiagnosed. As such, often their visual
difficulties are mistakenly attributed to a behavioral and
psychological disorder (Swift et al., 2008). For those children
that are accurately diagnosed, there remains the issue of the
aforementioned observation that education and rehabilitation
strategies developed for people with ocular blindness are not
effective in the case of CVI (Groenveld et al., 1990; Farrenkopf
et al., 1997). Put another way, how is it that two individuals
with a comparable level of visual impairment (as characterized
by measured visual acuity) could respond differently to the same
training strategy? Could this be related to underlying structural
and functional changes within the brain that differ between
ocular compared to cerebral causes of visual impairment? In
other words, does the brain develop and adapt differently in
the setting of damage to visual cerebral structures compared to
damage to the eye? Uncovering these differences would be of
utmost importance not only in terms of developing appropriate
education and rehabilitative strategies, but also to help better
characterize the underlying physiology of CVI.
CVI: A Disorder of Brain Connectivity?
As mentioned previously, children and adolescents with CVI
often present with marked impairments in visual function
including decreased visual acuity and visual field deficits
impairments (Good, 2001; Kozeis, 2010). However, most striking
are their deficits in the processing of higher-order and complex
visual information (Fazzi et al., 2004; Boot et al., 2010). This
includes cognitive and visuomotor processing difficulties related
to object and spatial processing tasks (i.e., identifying common
objects such as faces and locating them in space). Often,
individuals with CVI will exhibit difficulties in locating a target
object in a crowded or complex visual scene. For example, a child
with CVI will often report not being able to identify a parent
in a crowd or locate their favorite toy in a box filled with other
toys (Dutton, 2003). They often will report troubles with finding
their way around as well as perceiving complex moving scenes
including interpreting biological motion (Braddick et al., 2003).
In describing visual processing, the concept of a two-stream
hypothesis (i.e., dorsal/spatial processing and ventral/object
processing) has often been purported in order to explain the
division of labor as to how certain attributes are analyzed within
a visual scene (Mishkin and Ungerleider, 1982). Given the nature
of the visual dysfunctions observed in CVI, certain investigators
have proposed that CVI may be a condition best characterized
as a dorsal stream “dysfunction” or “vulnerability”; consistent
with an impairment in the functioning of the dorsal/spatial visual
processing pathway (i.e., connecting the occipital to parietal
cortices and terminating in frontal areas) (Braddick et al., 2003;
Dutton, 2009; Taylor et al., 2009). Certainly, this dichotomy
represents a practical and useful conceptual framework to
characterize observed deficits in CVI (Dutton, 2003). However,
it is worth noting that neurophysiological support for this
concept remains lacking despite strong psychophysical evidence.
Furthermore, spatial processing deficits are not universal in
CVI, nor do they occur in isolation from other deficits that
can be characterized as non-spatial in nature. Indeed, many
individuals with CVI also exhibit a broad spectrum of visual
dysfunctions including object identification such as recognizing
faces and shapes (Good et al., 1994; Porro et al., 1998; Fazzi et al.,
2004, 2007, 2009). The nature of these perceptual impairments
remains unclear in that is unknown whether these deficits
represent true “agnosias” or rather are related to other cognitive
issue such as imagery, language, and memory (see Fazzi et al.,
2009, for further discussion). According to the two stream
hypothesis, impairments in object identification (e.g., faces, toys,
and other objects) would be suggestive of damage along the
ventral visual processing pathway (i.e., connecting the occipital
and temporal cortices) which must also be explained from a
neuroanatomical and neurophysiological point of view. Lastly,
concomitant oculomotor and attentional issues are also often
present in individuals with CVI, which are not typically ascribed
to the two stream visual processing model, but rather, may
implicate different pathways and structures entirely. Therefore,
while damage along key visual processing streams may be
associated with observed perceptual deficits, the underlying
maldevelopment of the brain in CVI appears to be more extensive
and complex than previously assumed.
Indeed, clinical editorials have highlighted that the
relationship between observed clinical manifestations and
the extent of brain damage in CVI is complex and not yet
fully understood (Guzzetta et al., 2010). Additionally, attention
has been called to the value of advanced neuroimaging
techniques in helping to better understand the relationship
between brain maldevelopment and visual impairment in CVI
(Good, 2001; Edmond and Foroozan, 2006; Murakami et al.,
2008). With this in mind, early studies have attempted to
associate visual impairments in CVI with alterations in brain
structure using standard clinical neuroimaging modalities
(predominantly magnetic resonance imaging, or MRI). For
example, Serdaroglu et al. (2004) reported that the degree
of gross cerebral morphological changes (and in particular,
the severity of PVL) was correlated with neurodevelopmental
outcomes. For example, children with low severity of PVL had
minor motor problems or mild to normal functional outcomes,
whereas the presence of cortical atrophy and thinning of the
corpus callosum were associated with more developmental delays
(Serdaroglu et al., 2004). While standard clinical neuroimaging
techniques like structural MRI and computerized tomography
(CT) can help characterize gross changes in cerebral structure, the
underlying microarchitecture of white matter pathways cannot
be ascertained. In the case of CVI, this is particularly relevant
in terms of the need to characterize the relationship of specific
types of visual impairments with key processing pathways such
as the optic radiations and dorsal and ventral processing streams.
There are advanced neuroimaging techniques that enable the
examination of brain structure and anatomical pathways in a
more detailed manner that may help further our understanding
of the neuroanatomical basis of CVI. In particular, diffusion
based imaging studies (such as diffusion tensor imaging, or DTI)
combined with white matter tractography analysis can be used
to reveal the organization of white matter pathways and thereby
reveal how the brain is inter-connected. Briefly, by tracking the
diffusion movement of water molecules in the brain, the overall
organization of white matter connectivity can be inferred (Jones,
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2008; Ffytche et al., 2010). Furthermore, it is possible to employ
tractography techniques that allow for the “virtual dissection” of
the brain so that pathways to be reconstructed and individually
examined (Catani and Thiebaut de Schotten, 2008). For example,
it is the neuroanatomical correlate of the dorsal/spatial stream
has been identified as the superior longitudinal fasciculus (SLF)
(Catani and Thiebaut de Schotten, 2008). In contrast, the inferior
longitudinal fasciculus (ILF) represents the neuroanatomical
correlate of the ventral visual processing stream (Catani and
Thiebaut de Schotten, 2008). It is also important to identify a
third pathway (though previous reports associate this pathway
as part of the dorsal pathway; see Schmahmann et al., 2007;
the inferior fronto-occipital fasciculus (IFOF) which appears
to the be associated with visual attention and eye movements
given its strong connections between occipital and frontal areas
(Ffytche et al., 2010). Thus, using advanced diffusion based
imaging techniques and white matter tract reconstruction, there
is the unique opportunity to explore the association between
visual perceptual deficits and the structural integrity of the visual
pathways that support normal visual function and development.
In the specific case of CVI, previous studies using diffusion
based MRI have identified marked alterations in white matter
structure and further suggest that there is an association between
the maldevelopment of key visual pathways and the visual
dysfunctions observed in this condition. In one recent study
by Lennartsson et al. (2014), diffusion weighted MRI was
carried out in a group of individuals with white matter damage
predominantly in the superior posterior periventricular white
matter and with documented visual dysfunction. Specifically, it
was found that early injury to the optic radiations was associated
with characteristic patterns of visual field deficits. Interestingly,
in a review study by Guzzetta et al. (2013), this group reported
that many individuals diagnosed with CVI and with early
periventricular damage to the optic radiations often showed
normal development of visual field function. In their review, the
authors suggested that the preservation of visual field function
they reported may be the result of compensatory neuroplastic
reorganization; an important observation that needs further
and careful study as this may have important rehabilitative
implications (Guzzetta et al., 2013).
A number of recent studies have investigated the individual
pathways implicated in the processing of visual information
between cortical areas of the brain with the aim of establishing
a possible association between the structural integrity of these
pathways and the visual dysfunction in CVI. In one study, the
integrity of the SLF (measured by fractional anisotropy, or FA)
was examined using DTI in association with impairments in
object identification observed in a cohort of individuals with
CVI. Specifically, it was shown that the structural integrity
of the ILF was significantly decreased in CVI compared to
normally developed controls (Ortibus et al., 2011). Given the role
supported by the ILF, SLF, and IFOF in various aspects of visual
processing (object, spatial, as well as visually guided attention
and eye movement control, respectively), it seems plausible that
the visual impairments observed in CVI could be associated
with specific structural changes in white matter connectivity at
the individual level. Indeed, in a recent report by two of the
coauthors of this review (Bauer and Merabet), individuals with
CVI were shown to have dramatic reductions in the volume
and number of fibers of the ILF, SLF, and IFOF (Bauer et al.,
2014b). To characterize potential differences in white matter
connectivity and integrity, these investigators employed high
angular resolution diffusion imaging (HARDI) rather than DTI
as was previously done in aforementioned studies. While both
DTI and HARDI techniques provide information regarding the
degree of water diffusivity in the brain in order to derive local
axonal fiber orientation, it is becoming increasingly established
that HARDI is superior in its ability to delineate the organization
of crossing fibers, and ultimately the overall microarchitecture
of the brain (Tuch, 2004; Jones, 2008; Tournier et al., 2011).
Interestingly, preliminary results from Bauer et al. (2014a)
showed that these dramatic reductions in all three fasciculi were
FIGURE 1 | White matter reconstructions (shown in sagittal view) of three main pathways involved in the processing of visual information, namely the
superior longitudinal fasciculus (SLF; the neuroanatomical correlate of the dorsal visual processing stream), inferior longitudinal fasciculus (ILF; the
ventral visual processing stream), and inferior fronto-occipital fasciculus (IFOF; mediating visual attention and orienting). Diffusion data was acquired
using 64 direction high angular resolution diffusion tensor imaging (HARDI). The pathways were reconstructed in DSI-Studio (Yeh et al., 2010, 2013) using individual
QA termination thresholds and a termination angle of 45 degrees. The three white matter pathways are reconstructed in (A) a normally sighted/developed control,
(B) early ocular blind, and (C) and CVI (with associated periventricular leukomalacia) individuals. Note that all three pathways (ILF, SLF, and IFOF) are fully
reconstructed in both the control and early ocular blind individuals. In contrast, the SLF and ILF are sparser, and the IFOF was could not to be reconstructed in the
individual with CVI. These differences in the structural integrity along these major white matter pathways may be related to observed cognitive visual dysfunctions in
CVI [Figure adapted from Bauer et al. (2014b) and Hirsch et al. (2015)].
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not observed in ocular blind subjects as compared to normally
sighted/developed controls (Figure 1). These early findings using
diffusion based MRI techniques and whiter matter tractography
reconstruction appear to support the notion that the brains of
individuals with CVI show dramatic differences compared to
normally developed brains as well as the case of ocular blind
individuals. Finally, in a recent case study using a combined
HARDI and fMRI approach, Merabet et al. (2016) demonstrated
that in a CVI subject with a clinically documented inferior visual
field deficit (assessed by formal perimetric testing), there was a
structural-functional correspondence between the location and
extent of the visual field deficit, damage to superior branches
of the optic radiations (characterized by HARDI), and reduced
retinotopic activation of early visual cortical areas associated
with the representation of the inferior visual field (as indexed
by fMRI). This correspondence is in accordance to the known
anatomical and functional organization of visual pathways and
geniculo-cortical representation of visual field space (Wandell,
1999) and demonstrates the advantage of a combining a clinical
and multimodal neuroimaging approach to help characterize the
underlying neurophysiology of visual deficits in CVI.
Taken together, these studies suggest that CVI may be
associated with a more generalized vulnerability implicating
numerous key pathways supporting the developing visual system.
Furthermore, neuroplastic changes within the developing brain
(such as the “re-wiring” of key geniculo-cortical or cortico-
cortical connections) may support the sparing of visual function
in certain individuals with CVI. It is important that future work
be focused on correlating the degree of structural impairment
of individual processing pathways with a broad range of
measured outcomes of visual processing deficits at the individual
level.
While the extent and integrity of individual visual processing
pathways can be investigated using diffusion based imaging
techniques, it is also possible to use the same data to explore
whole brain networks of connectivity of the entire brain (Sporns
et al., 2005). Specifically, comparing whole brain network
connectivity between CVI and ocular blind individuals may
further provide insight into developmental differences between
these two groups. In a preliminary analysis, comparison of
whole brain connectivity networks was carried out based on
white matter connectivity derived from HARDI (Figure 2). In
this analysis, it was found that whole brain connectivity was
very similar when comparing ocular blind and normally sighted
controls (Bauer et al., 2014a). As with the case of examining
the dorsal and ventral pathways independently, robust network
connectivity throughout the brain was evident in individuals with
ocular blindness and may further be related to the compensatory
behaviors observed in this group (Merabet and Pascual-Leone,
2010). In contrast, whole brain connectivity appeared to be
markedly reduced in individuals with CVI as compared to
ocular blind and normally sighted controls (Bauer et al., 2014a).
While further confirmation of these results are ongoing, they do
suggest that a global impairment in overall brain connectivity
may be associated with observed cognitive visual dysfunctions
as well as other associated sensorimotor and cognitive delays in
CVI. This level of whole brain analysis may also provide hints
as to why education and rehabilitative strategies designed for
individuals with ocular blindness may not be effective in the case
of CVI.
The use of advanced neuroimaging modalities like diffusion
based imaging in CVI are still in the early stages. However,
it is becoming clearer that much can be learned regarding
the underlying neurophysiology of this condition beyond what
can be ascertained by standard structural imaging alone. This
may help uncover associated links between underlying brain
connectivity and cognitive visual dysfunction in CVI and provide
clues as to how to develop novel education and rehabilitation
FIGURE 2 | Whole brain structural connectivity (ball and stick models; axial view) for the group averages of normally developed sighted controls (A),
ocular blind (B), CVI individuals (C). White matter connectivity across the entire cortex was assessed using HARDI tractography. The number of reconstructed fibers
between each of the 68 cortical regions (parcellated using the Desikan atlas; Desikan et al., 2006)) was used as a proxy for connection strength. Similar to the data
shown in Figure 1, connections between each region were reconstructed in DSI-Studio. Once whole brain connectivity matrices were acquired for all subjects, they
were averaged within subject groups and visualizations were rendered using BrainNetViewer (Xia et al., 2013). Each brain region is represented by a dark blue
sphere, while the connection strength (i.e., number of reconstructed connections) between each region is represented by the color and diameter of the lines. Thus, a
thick red line characterizes strong connections with abundant white matter fibers, while a thin blue line characterizes weak connections with minimal white matter
fibers. Note the striking reduction in global structural connectivity that occurs in CVI, compared to both the control and ocular blind individuals [Figure adapted from
Bauer et al. (2014a)].
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strategies for individuals living with blindness and profound
visual impairment. Equally evident is that the diagnosis of visual
impairment/blindness based on singular criteria such as visual
acuity fails to accurately characterize the true overall functioning,
as well as potential, of an individual. In this regard, better
characterization of visual deficits using a more even-handed
and comprehensive testing battery will be important. Finally,
it will also be important to associate, as well as disentangle,
the contributory effects of potential risk factors associated with
CVI and further establish their relationship to overall prognosis.
For example, while there may be a suspected link between CVI
and certain developmental disorders such as autism spectrum
disorder (ASD), clear epidemiological evidence is still lacking
(note that there is mounting evidence establishing low birth
weight, prematurity, and neonatal encephalopathy as important
risk factors for ASD and other cognitive delays; (Badawi et al.,
2006; Schendel and Bhasin, 2008; Schieve et al., 2014). Indeed,
the neurobiological impact of prematurity on the brain is likely
to be extensive as well as variable. Thus the ability to parse out
observed perceptual, cognitive, and motor deficits as a function
of underlying developmental impairments remains crucial.
CONCLUSION
Studies using advanced neuroimaging techniques have
contributed greatly to our understanding of how the brain
adapts to the loss of sight and have helped uncover the
neuroplastic mechanisms that relate to compensatory behaviors.
While considerable knowledge has been gained in the study
of individuals living with ocular visual impairment, a similar
concerted effort is needed to gain important insight regarding
the visual dysfunctions of children and adolescents with CVI.
This may help to better understand the interrelationship between
specific developmental deficits, underlying brain anatomy
and function, and compensatory behavioral adaptations.
In the end, understanding the conditions that promote
neuroplasticity within the brain, both in the setting of ocular
and cortical/cerebral blindness, will be crucial to help to
maximize the learning, development, and well-being of these
individuals.
AUTHOR CONTRIBUTIONS
Study concept and design: MBM and LM. Study of CVI vs. Visual
Impairment: MBM, AL-M, and MM. Epidemiology of CVI: AS-
L, JM-H, and CB. Etiology of CVI: MBM, AS-L, and JM-H.
Relationship between Brain Damage and CVI: CMB and LM.
Study of neuroimaging techniques: CMB, LM, and CB. Critical
revision of the manuscript: all authors.
ACKNOWLEDGMENTS
This work was supported by grants from the NIH/NEI (RO1
EY019924) and the Low Vision Research Award from Research
to Prevent Blindness (RPB) and the Lions Clubs International
Foundation (LCIF) to LM.
REFERENCES
Amedi, A., Raz, N., Pianka, P., Malach, R., and Zohary, E. (2003). Early ‘visual’
cortex activation correlates with superior verbal memory performance in the
blind. Nat. Neurosci. 6, 758–766. doi: 10.1038/nn1072
Baburamani, A. A., Ek, C. J., Walker, D. W., and Castillo-Melendez, M.
(2012). Vulnerability of the developing brain to hypoxic-ischemic damage:
contribution of the cerebral vasculature to injury and repair? Front. Physiol.
3:424. doi: 10.3389/fphys.2012.00424
Badawi, N., Dixon, G., Felix, J. F., Keogh, J. M., Petterson, B., Stanley, F. J.,
et al. (2006). Autism following a history of newborn encephalopathy: more
than a coincidence? Dev. Med. Child Neurol. 48, 85–89. doi: 10.1017/
S001216220600020X
Baker-Nobles, L., and Rutherford, A. (1995). Understanding cortical visual
impairment in children. Am. J. Occup. Ther. 49, 899–903. doi: 10.5014/ajot.49.
9.899
Bauer, C., Heidary, G., Killiany, R., Koo, B.-B., and Merabet, L. B. (2014a).
“Extrageniculo-striate visual pathway changes in cortical visual impairment
characterized by HARDI,” in Proceedings of the OHBM 2014 Annual Meeting
CCH-Congress Center Hamburg, Hamburg.
Bauer, C. M., Heidary, G., Koo, B. B., Killiany, R. J., Bex, P., and Merabet, L. B.
(2014b). Abnormal white matter tractography of visual pathways detected
by high-angular-resolution diffusion imaging (HARDI) corresponds to visual
dysfunction in cortical/cerebral visual impairment. J. AAPOS 18, 398–401. doi:
10.1016/j.jaapos.2014.03.004
Bedny, M., Pascual-Leone, A., Dodell-Feder, D., Fedorenko, E., and Saxe, R. (2011).
Language processing in the occipital cortex of congenitally blind adults. Proc.
Natl. Acad. Sci. U.S.A. 108, 4429–4434. doi: 10.1073/pnas.1014818108
Bennet, L., Rossenrode, S., Gunning, M. I., Gluckman, P. D., and Gunn, A. J.
(1999). The cardiovascular and cerebrovascular responses of the immature
fetal sheep to acute umbilical cord occlusion. J. Physiol. 517(Pt 1), 247–257.
doi: 10.1111/j.1469-7793.1999.0247z.x
Boot, F. H., Pel, J. J., van der Steen, J., and Evenhuis, H. M. (2010). Cerebral Visual
Impairment: which perceptive visual dysfunctions can be expected in children
with brain damage? A systematic review. Res. Dev. Disabil. 31, 1149–1159.
doi: 10.1016/j.ridd.2010.08.001
Braddick, O., Atkinson, J., and Wattam-Bell, J. (2003). Normal and anomalous
development of visual motion processing: motion coherence and ‘dorsal-stream
vulnerability’. Neuropsychologia 41, 1769–1784. doi: 10.1016/S0028-3932(03)
00178-7
Burton, H., Snyder, A. Z., Conturo, T. E., Akbudak, E., Ollinger, J. M., and Raichle,
M. E. (2002). Adaptive changes in early and late blind: a fMRI study of Braille
reading. J. Neurophysiol. 87, 589–607.
Catani, M., and Thiebaut de Schotten, M. (2008). A diffusion tensor imaging
tractography atlas for virtual in vivo dissections. Cortex 44, 1105–1132. doi:
10.1016/j.cortex.2008.05.004
Colenbrander, A. (2010). What’s in a name? Appropriate terminology for CVI.
J. Vis. Impair. Blind. 104, 583–585.
Collignon, O., Vandewalle, G., Voss, P., Albouy, G., Charbonneau, G.,
Lassonde, M., et al. (2011). Functional specialization for auditory-
spatial processing in the occipital cortex of congenitally blind humans.
Proc. Natl. Acad. Sci. U.S.A. 108, 4435–4440. doi: 10.1073/pnas.10139
28108
Dagnelie, G. (2013). Age-related psychophysical changes and low vision.
Invest. Ophthalmol. Vis. Sci. 54, ORSF88–ORSF93. doi: 10.1167/iovs.13-
12934
Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D.,
et al. (2006). An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31,
968–980. doi: 10.1016/j.neuroimage.2006.01.021
Frontiers in Psychology | www.frontiersin.org 7 December 2016 | Volume 7 | Article 1958
fpsyg-07-01958 December 23, 2016 Time: 9:59 # 8
Martín et al. Brain-Based Visual Impairment in CVI
Dutton, G. N. (2003). Cognitive vision, its disorders and differential diagnosis
in adults and children: knowing where and what things are. Eye (Lond.) 17,
289–304. doi: 10.1038/sj.eye.6700344
Dutton, G. N. (2009). ‘Dorsal stream dysfunction’ and ‘dorsal stream dysfunction
plus’: a potential classification for perceptual visual impairment in the context
of cerebral visual impairment? Dev. Med. Child Neurol. 51, 170–172. doi: 10.
1111/j.1469-8749.2008.03257.x
Edmond, J. C., and Foroozan, R. (2006). Cortical visual impairment in children.
Curr. Opin. Ophthalmol 17, 509–512. doi: 10.1097/ICU.0b013e3280107bc5
Farrenkopf, C., McGregor, D., Nes, S. L., and Koenig, A. J. (1997). Increasing a
functional skill for an adolescent with cortical visual impairment. J. Vis. Impair.
Blind. 91, 484–493.
Fazzi, E., Bova, S., Giovenzana, A., Signorini, S., Uggetti, C., and Bianchi, P.
(2009). Cognitive visual dysfunctions in preterm children with periventricular
leukomalacia. Dev. Med. Child Neurol. 51, 974–981. doi: 10.1111/j.1469-8749.
2009.03272.x
Fazzi, E., Bova, S. M., Uggetti, C., Signorini, S. G., Bianchi, P. E., Maraucci, I.,
et al. (2004). Visual-perceptual impairment in children with periventricular
leukomalacia. Brain Dev. 26, 506–512. doi: 10.1016/j.braindev.2004.02.002
Fazzi, E., Signorini, S. G., Bova, S. M., La Piana, R., Ondei, P., Bertone, C.,
et al. (2007). Spectrum of visual disorders in children with cerebral visual
impairment. J. Child Neurol. 22, 294–301. doi: 10.1177/088307380702200
30801
Ffytche, D. H., Blom, J. D., and Catani, M. (2010). Disorders of visual perception.
J. Neurol. Neurosurg. Psychiatry 81, 1280–1287. doi: 10.1136/jnnp.2008.171348
Flodmark, O., Jan, J. E., and Wong, P. K. (1990). Computed tomography of the
brains of children with cortical visual impairment. Dev. Med. Child Neurol. 32,
611–620. doi: 10.1111/j.1469-8749.1990.tb08545.x
Good, W. V. (2001). Development of a quantitative method to measure vision in
children with chronic cortical visual impairment. Trans. Am. Ophthalmol. Soc.
99, 253–269.
Good, W. V. (2007). The spectrum of vision impairment caused by pediatric
neurological injury. J. AAPOS 11, 424–425. doi: 10.1016/j.jaapos.2007.08.002
Good, W. V. (2009). Cortical visual impairment: new directions. Optom. Vis. Sci.
86, 663–665. doi: 10.1097/OPX.0b013e3181a6176a
Good, W. V., Jan, J. E., Burden, S. K., Skoczenski, A., and Candy, R. (2001). Recent
advances in cortical visual impairment. Dev. Med. Child Neurol. 43, 56–60.
doi: 10.1111/j.1469-8749.2001.tb00387.x
Good, W. V., Jan, J. E., DeSa, L., Barkovich, A. J., Groenveld, M., and Hoyt, C. S.
(1994). Cortical visual impairment in children. Surv. Ophthalmol. 38, 351–364.
doi: 10.1016/0039-6257(94)90073-6
Gougoux, F., Lepore, F., Lassonde, M., Voss, P., Zatorre, R. J., and Belin, P. (2004).
Neuropsychology: pitch discrimination in the early blind. Nature 430, 309.
doi: 10.1038/430309a
Gougoux, F., Zatorre, R. J., Lassonde, M., Voss, P., and Lepore, F. (2005).
A functional neuroimaging study of sound localization: visual cortex activity
predicts performance in early-blind individuals. PLoS Biol. 3:e27. doi: 10.1371/
journal.pbio.0030027
Groenveld, M., Jan, J. E., and Leader, P. (1990). Observations on the habilitation of
children with cortical visual impairment. J. Vis. Impair. Blind. 84, 11–15.
Guzzetta, A., D’Acunto, G., Rose, S., Tinelli, F., Boyd, R., and Cioni, G. (2010).
Plasticity of the visual system after early brain damage. Dev. Med. Child Neurol.
52, 891–900. doi: 10.1111/j.1469-8749.2010.03710.x
Guzzetta, A., Fiori, S., Scelfo, D., Conti, E., and Bancale, A. (2013). Reorganization
of visual fields after periventricular haemorrhagic infarction: potentials and
limitations. Dev. Med. Child Neurol. 55(Suppl. 4), 23–26. doi: 10.1111/dmcn.
12302
Hamilton, R. H., Pascual-Leone, A., and Schlaug, G. (2004). Absolute pitch in blind
musicians. Neuroreport 15, 803–806. doi: 10.1097/00001756-200404090-00012
Hirsch, G. V., Bauer, C. M., and Merabet, L. B. (2015). Using structural and
functional brain imaging to uncover how the brain adapts to blindness. Ann.
Neurosci. Psychol. 2. doi: 10.3389/fnsys.2015.00056
Hoyt, C. S. (2003). Visual function in the brain-damaged child. Eye (Lond.) 17,
369–384. doi: 10.1038/sj.eye.6700364
Hoyt, C. S. (2007). Brain injury and the eye. Eye (Lond.) 21, 1285–1289. doi:
10.1038/sj.eye.6702849
Huo, R., Burden, S. K., Hoyt, C. S., and Good, W. V. (1999). Chronic cortical
visual impairment in children: aetiology, prognosis, and associated neurological
deficits. Br. J. Ophthalmol. 83, 670–675. doi: 10.1136/bjo.83.6.670
Jones, D. K. (2008). Studying connections in the living human brain with diffusion
MRI. Cortex 44, 936–952. doi: 10.1016/j.cortex.2008.05.002
Khetpal, V., and Donahue, S. P. (2007). Cortical visual impairment: etiology,
associated findings, and prognosis in a tertiary care setting. J. AAPOS 11,
235–239. doi: 10.1016/j.jaapos.2007.01.122
Kong, L., Fry, M., Al-Samarraie, M., Gilbert, C., and Steinkuller, P. G. (2012).
An update on progress and the changing epidemiology of causes of childhood
blindness worldwide. J. AAPOS 16, 501–507. doi: 10.1016/j.jaapos.2012.09.004
Kozeis, N. (2010). Brain visual impairment in childhood: mini review. Hippokratia
14, 249–251.
Kupers, R., and Ptito, M. (2014). Compensatory plasticity and cross-modal
reorganization following early visual deprivation. Neurosci. Biobehav. Rev. 41,
36–52. doi: 10.1016/j.neubiorev.2013.08.001
Lennartsson, F., Nilsson, M., Flodmark, O., and Jacobson, L. (2014). Damage to
the immature optic radiation causes severe reduction of the retinal nerve fiber
layer, resulting in predictable visual field defects. Invest. Ophthalmol. Vis. Sci. 55,
8278–8288. doi: 10.1167/iovs.14-14913
Lessard, N., Pare, M., Lepore, F., and Lassonde, M. (1998). Early-blind human
subjects localize sound sources better than sighted subjects. Nature 395, 278–
280. doi: 10.1038/26228
Lim, M., Soul, J. S., Hansen, R. M., Mayer, D. L., Moskowitz, A., and Fulton,
A. B. (2005). Development of visual acuity in children with cerebral visual
impairment. Arch. Ophthalmol. 123, 1215–1220. doi: 10.1001/archopht.123.9.
1215
McKillop, E., and Dutton, G. N. (2008). Impairment of vision in children due to
damage to the brain: a practical approach. Br. Ir. Orthopt. J. 5, 8–14.
Merabet, L. B., Devaney, K. J., Bauer, C. M., Panja, A., Heidary, G., and Somers,
D. C. (2016). Characterizing visual field deficits in cerebral/cortical visual
impairment (CVI) using combined diffusion based imaging and functional
retinotopic mapping: a case study. Front. Syst. Neurosci. 10:13. doi: 10.3389/
fnsys.2016.00013
Merabet, L. B., and Pascual-Leone, A. (2010). Neural reorganization following
sensory loss: the opportunity of change. Nat. Rev. Neurosci. 11, 44–52. doi:
10.1038/nrn2758
Mishkin, M., and Ungerleider, L. G. (1982). Contribution of striate inputs to the
visuospatial functions of parieto-preoccipital cortex in monkeys. Behav. Brain
Res. 6, 57–77. doi: 10.1016/0166-4328(82)90081-X
Murakami, A., Morimoto, M., Yamada, K., Kizu, O., Nishimura, A., Nishimura, T.,
et al. (2008). Fiber-tracking techniques can predict the degree of neurologic
impairment for periventricular leukomalacia. Pediatrics 122, 500–506. doi: 10.
1542/peds.2007-2816
Ortibus, E., Verhoeven, J., Sunaert, S., Casteels, I., and De Cock, P. (2011). Integrity
of the inferior longitundinal fasciculus and impaired object recognition in
children: a diffusion tensor imaging study. Dev. Med. Child Neurol. 54, 38–43.
doi: 10.1111/j.1469-8749.2011.04147.x
Philip, S. S., and Dutton, G. N. (2014). Identifying and characterising cerebral
visual impairment in children: a review. Clin. Exp. Optom. 97, 196–208. doi:
10.1111/cxo.12155
Porro, G., Dekker, E. M., Van Nieuwenhuizen, O., Wittebol-Post, D., Schilder,
M. B., Schenk-Rootlieb, A. J., et al. (1998). Visual behaviours of neurologically
impaired children with cerebral visual impairment: an ethological study. Br. J.
Ophthalmol. 82, 1231–1235. doi: 10.1136/bjo.82.11.1231
Rahi, J. S. (2007). Childhood blindness: a UK epidemiological perspective. Eye
(Lond.) 21, 1249–1253. doi: 10.1038/sj.eye.6702837
Rahi, J. S., Cable, N., and British Childhood Visual Impairment Study Group
(2003). Severe visual impairment and blindness in children in the UK. Lancet
362, 1359–1365. doi: 10.1016/S0140-6736(03)14631-4
Raz, N., Amedi, A., and Zohary, E. (2005). V1 activation in congenitally blind
humans is associated with episodic retrieval. Cereb. Cortex 15, 1459–1468.
doi: 10.1093/cercor/bhi026
Rombaux, P., Huart, C., De Volder, A. G., Cuevas, I., Renier, L., Duprez, T., et al.
(2010). Increased olfactory bulb volume and olfactory function in early blind
subjects. Neuroreport 21, 1069–1073. doi: 10.1097/WNR.0b013e32833fcb8a
Frontiers in Psychology | www.frontiersin.org 8 December 2016 | Volume 7 | Article 1958
fpsyg-07-01958 December 23, 2016 Time: 9:59 # 9
Martín et al. Brain-Based Visual Impairment in CVI
Sadato, N., Pascual-Leone, A., Grafman, J., Ibanez, V., Deiber, M. P., Dold, G.,
et al. (1996). Activation of the primary visual cortex by Braille reading in blind
subjects. Nature 380, 526–528. doi: 10.1038/380526a0
Schendel, D., and Bhasin, T. K. (2008). Birth weight and gestational age
characteristics of children with autism, including a comparison with other
developmental disabilities. Pediatrics 121, 1155–1164. doi: 10.1542/peds.2007-
1049
Schieve, L. A., Tian, L. H., Baio, J., Rankin, K., Rosenberg, D., Wiggins, L.,
et al. (2014). Population attributable fractions for three perinatal risk factors
for autism spectrum disorders, 2002 and 2008 autism and developmental
disabilities monitoring network. Ann. Epidemiol. 24, 260–266. doi: 10.1016/j.
annepidem.2013.12.014
Schmahmann, J. D., Pandya, D. N., Wang, R., Dai, G., D’Arceuil, H. E., de
Crespigny, A. J., et al. (2007). Association fibre pathways of the brain: parallel
observations from diffusion spectrum imaging and autoradiography. Brain 130,
630–653. doi: 10.1093/brain/awl359
Serdaroglu, G., Tekgul, H., Kitis, O., Serdaroglu, E., and Gokben, S. (2004).
Correlative value of magnetic resonance imaging for neurodevelopmental
outcome in periventricular leukomalacia. Dev. Med. Child Neurol. 46, 733–739.
doi: 10.1111/j.1469-8749.2004.tb00992.x
Sporns, O., Tononi, G., and Kotter, R. (2005). The human connectome: a structural
description of the human brain. PLoS Comput Biol 1:e42. doi: 10.1371/journal.
pcbi.0010042
Sterr, A., Muller, M. M., Elbert, T., Rockstroh, B., Pantev, C., and Taub, E. (1998).
Perceptual correlates of changes in cortical representation of fingers in blind
multifinger Braille readers. J. Neurosci. 18, 4417–4423.
Striem-Amit, E., Cohen, L., Dehaene, S., and Amedi, A. (2012). Reading with
sounds: sensory substitution selectively activates the visual word form area in
the blind. Neuron 76, 640–652. doi: 10.1016/j.neuron.2012.08.026
Swarte, R., Lequin, M., Cherian, P., Zecic, A., van Goudoever, J., and Govaert, P.
(2009). Imaging patterns of brain injury in term-birth asphyxia. Acta Paediatr.
98, 586–592. doi: 10.1111/j.1651-2227.2008.01156.x
Swift, S. H., Davidson, R. C., and Weems, L. J. (2008). Cortical impairment in
children: presentation, intervention, and prognosis in educational settings.
Teach. Except. Child. Plus 4, 2–14.
Taylor, N. M., Jakobson, L. S., Maurer, D., and Lewis, T. L. (2009). Differential
vulnerability of global motion, global form, and biological motion processing in
full-term and preterm children. Neuropsychologia 47, 2766–2778. doi: 10.1016/
j.neuropsychologia.2009.06.001
Tournier, J. D., Mori, S., and Leemans, A. (2011). Diffusion tensor imaging and
beyond. Magn. Reson. Med. 65, 1532–1556. doi: 10.1002/mrm.22924
Tuch, D. S. (2004). Q-ball imaging. Magn. Reson.Med. 52, 1358–1372. doi: 10.1002/
mrm.20279
Van Boven, R. W., Hamilton, R. H., Kauffman, T., Keenan, J. P., and Pascual-
Leone, A. (2000). Tactile spatial resolution in blind braille readers. Neurology
54, 2230–2236. doi: 10.1212/WNL.54.12.2230
Van den Broeck, C., Himpens, E., Vanhaesebrouck, P., Calders, P., and Oostra, A.
(2008). Influence of gestational age on the type of brain injury and neuromotor
outcome in high-risk neonates. Eur. J. Pediatr. 167, 1005–1009. doi: 10.1007/
s00431-007-0629-2
Volpe, J. J. (1998). Brain injury in the premature infant: overview of clinical
aspects, neuropathology, and pathogenesis. Semin. Pediatr. Neurol. 5, 135–151.
doi: 10.1016/S1071-9091(98)80030-2
Voss, P., Gougoux, F., Zatorre, R. J., Lassonde, M., and Lepore, F. (2008).
Differential occipital responses in early- and late-blind individuals during a
sound-source discrimination task. Neuroimage 40, 746–758. doi: 10.1016/j.
neuroimage.2007.12.020
Voss, P., Pike, B. G., and Zatorre, R. J. (2014). Evidence for both compensatory
plastic and disuse atrophy-related neuroanatomical changes in the blind. Brain
137, 1224–1240. doi: 10.1093/brain/awu030
Wandell, B. A. (1999). Computational neuroimaging of human visual
cortex. Annu. Rev. Neurosci. 22, 145–173. doi: 10.1146/annurev.neuro.22.
1.145
Whiting, S., Jan, J. E., Wong, P. K., Flodmark, O., Farrell, K., and McCormick,
A. Q. (1985). Permanent cortical visual impairment in children.Dev.Med. Child
Neurol. 27, 730–739. doi: 10.1111/j.1469-8749.1985.tb03796.x
Wong, M., Gnanakumaran, V., and Goldreich, D. (2011). Tactile spatial
acuity enhancement in blindness: evidence for experience-dependent
mechanisms. J. Neurosci. 31, 7028–7037. doi: 10.1523/JNEUROSCI.6461-
10.2011
Xia, M., Wang, J., and He, Y. (2013). BrainNet Viewer: a network visualization tool
for human brain connectomics. PLoS ONE 8:e68910. doi: 10.1371/journal.pone.
0068910
Yeh, F. C., Verstynen, T. D., Wang, Y., Fernandez-Miranda, J. C., and
Tseng, W. Y. (2013). Deterministic diffusion fiber tracking improved by
quantitative anisotropy. PLoS ONE 8:e80713. doi: 10.1371/journal.pone.
0080713
Yeh, F. C., Wedeen, V. J., and Tseng, W. Y. (2010). Generalized q-sampling
imaging. IEEE Trans. Med. Imaging 29, 1626–1635. doi: 10.1109/TMI.2010.
2045126
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Martín, Santos-Lozano, Martín-Hernández, López-Miguel,
Maldonado, Baladrón, Bauer and Merabet. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 9 December 2016 | Volume 7 | Article 1958
